The formation process of self-assembled monolayer (SAM) of decanethiol (C10SH) on Au(111) single crystal electrode has been investigated for wide range of C10SH concentration (0.1 M ∼ 500 M) and temperature (253 K ∼ 298 K). The amount and quality of C10SH SAM were determined from area and position, respectively, of reductive desorption peak of the SAM modified Au(111) electrode measured in 0.5 M KOH aqueous solution. The kinetic analysis indicates that SAM formation proceeded by two steps, diffusion limited physisorption followed by chemisorption.
Introduction
Self-assembled monolayers (SAMs) have been studied by many research groups working in wide variety of fields, both fundamental and applied, such as surface science, biosensors, and biomolecular and molecular electronic devices. Thiol SAMs on gold are the most studied system among the numerous studies on SAMs on oxide, metals, and semiconductors [1] [2] [3] [4] [5] [6] [7] [8] .
For the establishment of the technique to prepare a stable SAM, it is essential to understand the formation process SAMs. Formation processes of thiol SAMs have been studied using various techniques such as electrochemistry [7] , infrared (IR) spectroscopy [9] [10] [11] , quartz crystal microbalance (QCM) [12] [13] [14] [15] , scanning tunneling microscopy (STM) [16] [17] [18] , atomic force microscopy (AFM) [19, 20] , second harmonic generation spectroscopy (SHG) [21] [22] [23] , sum frequency generation (SFG) [24, 25] , ellipsometry [26, 27] , contact angle measurement [26, 27] , and surface plasmon resonance (SPR) [28] [29] [30] . Several previous reports suggested that the SAM formation is proceeded first by rapid adsorption followed by slow reorganization [12] [13] [14] 26 ]. The first kinetic study on alkanethiol SAM formation process on gold was by Bain et al.
using ellipsometry and contact angle measurement [26] . They reported that adsorption process was characterized by two distinct steps and that in the first step the coverage reached to 0.8-0.9 within few minutes but following slower step lasted several hours.
We also showed that the formation process of ferrocenylundencanethiol on gold was consisted of two steps and the rate of second step was slower than first step by 2 orders of magnitude using QCM [12] . In contrast, Buck et al. showed that SAM formation process followed the simple Langmuir adsorption kinetics using SHG [21] .
Later many papers on more quantitative study for thiol SAM formation have been published [13-15, 20-25, 27-34] but there are some conflicts on kinetic model for the thiol adsorption process. Karpovich and Blanchard have shown that the SAM formation can be described by the Langmuir adsorption/desorption kinetics [13] . Campbell and Mutharasan also found that the adsorption can be described by the reversible first-order Langmuir kinetics even at the lowest thiol concentration investigated, i.e., 1 nM [32] . In contrast to these result, Subramanian and Lakshminarayanan suggested that adsorption process is controlled by the first-order and the diffusion-limited Langmuir kinetics at high and low (<5 M) concentration, respectively [31] . Recently Damos et al. suggested the two-step SAM formation process, where thiol molecules first adsorbed on solid surface and then rearranged to become a packed monolayer [30] .
Since Widrig et al. reported that an alkanethiol SAM is desorbed from gold surface by a one-electron electrochemical reduction process in an alkaline aqueous solution [35] , many electrochemical studies on this reaction have been carried out [34] [35] [36] [37] [38] [39] [40] [41] . From the area, shape, and position of the cathodic peak corresponding to reductive desorption of the SAM, one can obtain much information on the SAM such as the amount adsorbed thiol molecules and stability and conformational order of the SAM. We have shown that the SAM can be formed by anodic oxidative adsorption, i.e., a reverse reaction of the reductive desorption, in an alkaline ethanolic solution containing thiol and the coverage of SAM increased and the peak position shifted negatively with adsorption time and the rates of formation and the conformational order of the SAM are higher in the decanethiol solution of higher concentration [39, 40] .
In this work, we studied in detail the SAM formation process of decanethiol on Au(111) surface in ethanol solution containing decanethiol using electrochemical reductive desorption methods. The adsorption rate constant was determined and the effects of decanethiol concentration and temperature on the SAM formation process were investigated for a wide range of concentration (0.1 M ∼ 500 M) and temperature (253 K ∼ 298 K) of C10SH solution. A model for the thiol SAM formation is proposed.
Experimental Section
Reagent grade n-decanethiol (C10SH) and semiconductor grade KOH were purchased from Aldrich and reagent grade ethanol and H 2 SO 4 were purchased from Wako Pure Chemicals. They were used without further purification. Water was purified using a Milli-Q water purification system (Yamamoto, WQ-500). Ultrapure Ar gas (99.9995%) was purchased from Air Water.
A gold single crystal was prepared from a gold wire (99.999% pure, =1 mm, Tanaka Precious Metal) by the Clavilier method [42] . A Au(111) surface was obtained by cutting to parallel to the Au(111) facet using diamond saw (Buehler) and was then sequentially polished by #400, #1000 and #2000 polishing paper and 3m and 0.5 m diamond slurry (Maruto Instrument). The Au(111) surface was flame annealed in a hydrogen flame and gradually cooled to room temperature in air prior to each measurement. C10SH SAM was prepared by immersing the Au(111) substrate in ethanol solution containing various concentrations of C10SH and at various temperatures for various period of time. The samples were rinsed by ethanol then by Milli-Q water immediately after that they were taken out from the thiol solution.
Temperature of thiol solution was controlled by Cryocool (NESLAB Instruments, Inc.
CC-100 II).
Electrochemical measurements were carried out in a three-compartment electrochemical cell with a hanging meniscus configuration in a 0.5 M KOH aqueous solution using a potentiostat (Hokuto Denko, HA-151) and a function generator (Hokuto Denko, HB-111). Cyclic voltammograms (CVs) and linear sweep voltammograms (LSVs) were recorded using an X-Y recorder (Graphtec, WX1200).
The electrode potential was referred to a Ag/AgCl (saturated NaCl) electrode, and a Pt wire was used as a counter electrode. The electrolyte solution was deaerated by bubbling Ar gas for at least 30 min before each experiment. The high quality and cleanliness of the Au(111) single crystal were ensured as CVs obtained in 0.1 M H 2 SO 4 solution were in agreement with those for clean Au(111) electrodes reported previously [43, 44] . Figure 1 shows typical LSVs of a Au (111) single crystal electrode, which was modified by being immersed in a 100 M C10SH ethanol solution for various period of time at room temperature, obtained by sweeping the potential from 0 V to -1.2 V at the sweep rate of 10 mV s -1 in a 0.5 M KOH aqueous solution. A sharp reductive peak was observed between -0.9 V and -1.0 V. Peak area increased and peak potential shifted negatively with immersion time. This result is in good agreement with our previous result of the potentiostatic SAM formation in C10SH ethanol solution,
Results and Discussion

Concentration dependence
where it was found that area and position of reductive peak increased and shifted negatively, respectively, with the time kept at SAM formation potential, +0.1 V [40] .
Reductive charge was estimated by integrating current -potential relation. Figure 2 shows the reductive charge as a function of immersion time for SAMs prepared in where it was found that area of the reductive desorption peak increased faster with the time kept at SAM formation potential, +0.1 V, as the solution concentration was higher [40] . Figure 3 (a) except for the case of 0.1 M, where the ultimate peak potential was slightly more positive than others, ca.
-0.98 V. These results suggest that the ordering of SAM continued as SAM formation proceeded and highly ordered SAM was obtained after prolonged immersion regardless of solution concentration except for the SAM formation in 0.1 M solution. It is clear from Figure 3 (b) that the peak potential shifted faster when the solution concentration was higher as expected. Similar trend was observed in the case of potentiostatic SAM formation [40] . Figure 4 shows the relation between reductive desorption peak potentials and the reductive charge obtained for all SAMs. There seems to be a universal relation between the peak potential and the reductive charge, showing that the peak potential, i.e., the quality of the SAM, is determined by adsorbed amount of the thiol, except for the SAMs formed in 0.1 M thiol solution. Reductive peak potential at a given coverage of the SAM formed in 0.1 M was relatively positive compared to those formed in thiol solutions of higher concentration. This may be due to larger amount of contamination and/or defects in the SAM because of the much longer formation time to reach the same coverage.
Kinetic analysis Many models have been proposed in previous reports as mentioned before. For example, some report said SAM formation is diffusion controlled [23, [28] [29] [30] [31] and the other said SAM formation followed Langmuir adsorption kinetics [13-15, 21, 22, 24, 25, 27, 32, 33] .
Here we first assume the SAM formation process can be described by simple Langmuir adsorption kinetics in the initial stage as described by:
where  is the normalized monolayer coverage, which is obtained from reductive desorption charge using the following equation, c is the thiol concentration and k is the
where Q is the desorption charge at a given time and max results were obtained in previous studies [32, 33] . The slope should give -kc and kc is defined as an apparent rate constant, obs k . Figure 6 shows [20] . Thus, we analyze the kinetic date by considering the two step thiol adsorption process: first physisorption step and then chemisorption step as:
where C10SH---Au and C10S -Au are the physisorbed and chemisorbed state, respectively, and 1 k and 2 k are the rate constants for physisorption and chemisorption step, respectively. By solving these two differential equations, the time dependence of the coverage can be described by the following equations.
where 1  and 2  are the coverage of physisorbed and chemisorbed molecules, When the thiol concentration is very low, c k 1 is smaller than 2 k , and Eq (9) becomes Eq (10) .
This is essentially the same as Eq (4) and the slope of the plot between When the thiol concentration is very high, c k 1 is much bigger than 2 k and Eq (9) becomes Eq (11). Eqs (10) and (11) show that one will expect a linear relation between Figure 6 . The value of 1 k is calculated to be 4.9×10 4 M -1 min -1 .
In high concentration, obs k become constant and is expressed as 2 k , which can be calculated from the value of constant part of Fig. 6 as 8.4×10 14 molecules cm -2 min -1 .
This value is very similar to the rate constant for SAM formation in 500 M FcC11SH, in which chemisorption limited process is expected from the present result, determined by QCM as 1.2×10 15 molecules cm -2 min -1 [12] .
Yang et al. [25] also reported the two-step SAM formation process based on SFG measurements. They assumed that at early stage of the self-assembly process, the surface is covered with molecules in the disordered (liquid) phase and when the disordered phase density reaches a critical level, the adsorbates segregate into regions of liquid (I) and solid (II) phases in coexistence, such that the total surface coverage is the sum of the surface coverage of these two phases. The model is similar to that of Xu et al. (20) and that of present work but they considered that the disordered (liquid) phase is formed by chemisorption based on the result that non-resonant signal of SFG increased with time in this stage. One of the possible reasons for this discrepancy is that Yang et al. measured SFG intensity under the flow of thiol solution so that the diffusion limited physisorption process becomes much faster.
Temperature dependence Although we have reported the effect of SAM formation temperature on the sizes of domains and pits of the thiol SAM by STM [49] , effect of temperature on the SAM formation rate has not been well studied [15] . also suggested the diffusion-limited growth in the low-concentration regime but mentioned that formation of any physisorbed initial phase is very rapid based on the results of SHG [23] . It must be noted that the SHG measurements were carried out under solution flow so that diffusion limited physisorption process became much faster.
The activation energy for the SAM formation in 200 M C10SH ethanol solution was comparable to the values of activation barrier for chemisorption of ethanethiol, butanethiol, hexanethiol, and decanethiol, which were determined by TPD to be about 29 kJ/mol irrespective to the chain length [48] . Similar value was also reported by Dubois et al. [50] .
Conclusions
The formation kinetics of decanethiol SAMs on Au (111) kJ/mol for the former and the latter, respectively.
[ [18, 35, 36, 38, 39] . This discrepancy may be caused by an error in the estimation of real surface area. We employed a hanging meniscus configuration both for surface area determination by oxide reduction and reductive desorption. Since the unmodified Au is hydrophilic but the SAM modified Au is hydrophobic, the real contact area of the electrode to the solution might have been smaller at the modified electrode, although we tried to make the contact area the same. This error might be substantial as the size of the electrode was very small.
[46] For the determination of  using Q, one needs to use the charge corresponding to Faradaic desorption process but since various assumptions are involved in the estimation of capacitive component in the experimentally observed charge, it is very difficult to accurately determine the charge corresponding to the Faradaic process and, therefore, we used total charge obtained experimentally. Since both the capacitive and Faradaic components are related with the coverage,  is reasonably described by Eq.
(2) even if the total charge was used. Furthermore, effect of the error involved in  on rate constant is relatively small as the slope of 
